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Abstract
The paper describes a novel SPME-based approach for sampling and analysis of transformation products of
highly reactive and toxic unsymmetrical dimethylhydrazine (UDMH) which is used as a fuel in many Russian,
European, Indian, and Chinese heavy cargo carrier rockets. The effects of several parameters were studied to
optimize analyte recovery. It was found that the 85 μm Carboxen/polydimethylsiloxane fiber coating provides
the highest selectivity for selected UDMH transformation products. Optimal sampling/sample preparation
parameters were determined to be 1-h soil headspace sampling time at 40 °C. The GC inlet temperature was
optimized to 170 °C held for 0.1 min, then 1 °C s−1 ramp to 250 °C where it was held for 40 min.
Temperature programing resulted in a fast desorption along with minimal chemical transformation in the GC
inlet. SPME was very effective extracting UDMH transformation products from soil samples contaminated
with rocket fuel. The use of SPME resulted in high sensitivity, speed, small labor consumption due to an
automation and simplicity of use. It was shown that water addition to soil leads to a significant decrease of
recovery of almost all target transformation products of UDMH. The use of SPME for sampling and sample
preparation resulted in detection of the total of 21 new compounds that are relevant to the UDMH
transformation in soils. In addition, the number of confirmed transformation products of UDMH increased
from 15 to 27. This sampling/sample preparation approach can be recommended for environmental
assessment of soil samples from areas affected by space rocket activity.
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Abstract 19 
 20 
The paper describes novel approach for sampling and analysis of transformation products of 21 
highly reactive and toxic unsymmetrical dimethylhydrazine (UDMH) which is used as a fuel in 22 
many Russian, European, Indian, and Chinese heavy cargo carrier rockets. The effects of several 23 
sampling and sample preparation parameters were studied to optimize sample recovery. It was 24 
found that the 85 μm Carboxen/polydimethylsiloxane fiber coating provides the highest 25 
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selectivity for detection of selected UDMH transformation products. Optimal sampling and 26 
sample preparation parameters were determined to be 1-hr soil headspace sampling time at 27 
incubation temperature of 40°C. The GC inlet temperature was optimized to 170ºC hold for 0.1 28 
min, then 1ºC sec-1 ramp to 250ºC where it was held for 40 min.  Temperature programming 29 
resulted in a fast desorption along with minimal chemical transformation in the GC inlet. SPME 30 
was very effective extracting UDMH transformation products from soil samples contaminated 31 
with rocket fuel.  The use of SPME resulted in high sensitivity, speed, small labor consumption 32 
due to an automation and simplicity of use. It was shown that water addition to soil leads to a 33 
significant decrease of recovery of almost all target transformation products of UDMH. The use 34 
of SPME for sampling and sample preparation resulted in detection of the total of 55 new 35 
compounds that are relevant to the UDMH transformation in soils.  In addition,  the number of 36 
confirmed transformation products of UDMH increased from 15 to 27. This sampling/sample 37 
preparation approach can be recommended for environmental assessment of soil samples from 38 
areas affected by space rocket activity. 39 
 40 
Keywords: Unsymmetrical Dimethylhydrazine, Solid Phase Microextraction, Soil, Rocket Fuel, 41 
Sampling, Sample Preparation. 42 
 43 
1. Introduction 44 
 45 
1.1. Environmental problem statement 46 
  47 
At present, many European, Russian, Indian, and Chinese heavy cargo carrier rocket use 48 
unsymmetrical dimethylhydrazine (UDMH), also known as heptyl, as a relatively inexpensive 49 
fuel [1]. Up to 2 metric tons of residual fuel may remain in fuel tanks and engines of a stage after 50 
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separation of the burned-out rocket stages. A part of the residual fuel is evaporated during the 51 
fall process. However, remaining fuel is eventually spilled to the environment during the crash 52 
landing of the burned out rocket stage in a so-called fall, or drop zone [2]. 53 
 54 
UDMH is a highly toxic compound displaying, among other effects, carcinogenic and mutagenic 55 
properties [3,4].  The use of UDMH as a fuel can cause negative effect to the environment and 56 
human health [4,5]. It is known that UDMH is highly reactive displaying strong reducing 57 
properties. Recent studies showed that UDMH spilled to the environment is transformed with 58 
formation of a number of compounds such as formaldehyde dimethylhydrazone (FADMH), 59 
tetramethyltetrazene (TMT), N-nitrosodimethylamine (NDMA), 1-methyl-1H-1,2,4-triazole 60 
(MTA), dimethylaminoacetonitrile (DMAACN), 1-formyl-2,2-dimethylhydrazine (FDMH) and 61 
10 other compounds [6,7,8,9]. 62 
 63 
The toxicity of most known transformation products of UDMH is not known.  However, some of 64 
them are known to be very toxic, e.g., NDMA. Carlsen et al [4,5,10] studied environmental and 65 
human health impact of UDMH and its transformation products using modeling and calculations 66 
based on QSAR/QSTR methods. As a result, most known toxic compounds originating from 67 
UDMH transformations were ranked by their toxicity using partial order ranking technique. 68 
Using this method, NDMA, TMT, tetramethylhydrazine (TMH), FADMH, FDMH were ranked 69 
as the most toxic UDMH transformation products, respectively [4]. 70 
 71 
Studies of soil samples from fall regions of rockets, launched from the Baikonur Cosmodrome, 72 
located in Central Kazakhstan showed the presence of UDMH and its transformation products 73 
even 30 years after landing of a rocket stage [11,12]. The presence of few pollutants for which 74 
the chemical analysis methods exist was only reported in the epicenter (crater) of a fall place.  To 75 
date, however, no comprehensive environmental assessment of fall zones was completed.  More 76 
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research is warranted towards full assessment of rocket fuel impact on environment and its 77 
cleanup options.   78 
 79 
1.2. Current analytical methods for analysis of UDMH transformation products 80 
 81 
Scientists and engineers are challenged with a lack of robust analytical methods and sampling 82 
techniques for analysis of environmental samples for the content of UDMH and its 83 
transformation products. Determination of UDMH and its transformation products in 84 
environmental samples is a quite complex task primarily due to reactivity and on-going chemical 85 
and biological processes in samples. Such analytical methods are especially needed, since 86 
UDMH is considered to be very reactive and readily converting to transformation products upon 87 
contact with air, water and soil.  Environmental factors driving these processes are only little 88 
known.  Analytical methods should consider and minimize chemical transformations especially 89 
during sample preparation. Research during the last 15 years was mainly focused on the methods 90 
for determination of UDMH [13,14,15,16,17,18,19].  However, to date, there are no robust 91 
methods for determination of its transformation products.  92 
 93 
A summary of currently available methods for determination of UDMH and its transformation 94 
products is presented in Table 1.  95 
 96 
Table 1. 97 
 98 
The majority of current methods for determination of UDMH transformation products are 99 
available only for water samples (For references see Table 1 below). These methods require 100 
complex equipment and sample preparation to achieve sufficient sensitivity and selectivity. In 101 
addition, it should be noted that all of the currently available methods target typically one 102 
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compound (cf. Table 1).  These methods are not necessarily optimized and comprehensive, i.e., 103 
they tend to separately target different compounds and use different sample preparation 104 
techniques and analytical equipment [31].   105 
 106 
1.3. SPME uses for environmental sampling and analyses 107 
Solid phase microextraction (SPME) combines sampling and sample preparation into one step.  108 
It conveniently reduces the sampling/sample preparation time, and it eliminates the use of 109 
solvents for sample preparation or the use of special equipment if it is used for field sampling 110 
and the fibers are reusable [32]. Extractions with SPME are facilitated on a thin polymeric 111 
coating that has a high affinity for organic compounds. SPME is very useful for qualitative 112 
characterization of complex environments such as organic gases emitted from swine manure 113 
[33], gases emitted from rumen [34], gases adsorbed to dust [35], or gases emitted from live 114 
insects [36]. Quantitative sampling and analysis of organic gases in complex environment is also 115 
possible [37,38]. 116 
 117 
Solid phase microextraction has been proven very useful for determination of VOCs in air and 118 
water [32,37]. Soil samples present a special problem for quantitative SPME of most analytes 119 
because of strong differences in soil matrix properties [39]. Llompart et al. [40] developed 120 
headspace (HS) SPME method for determination of VOCs in soil samples, which showed much 121 
higher sensitivity than conventional HS sampling followed by direct injection of gas samples for 122 
analysis. The proposed methodology did not work well for determination of semivolatiles in soil. 123 
Poor sensitivity was observed due to apparent slow kinetics of soil-gas partitioning processes. 124 
 125 
Grebel et al., used SPME to characterize N-nitrosamines in water, i.e., a class of compounds 126 
closely related to those discussed in the present research.  Brown et al. [41] developed a SPME-127 
GC-MS method for analysis of soils contaminated with kerosene-based jet propellant JP-8. This 128 
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method was then used to determine 34 marker compounds which were hydrocarbons of different 129 
structure. Solid phase microextraction was also used for determination of JP-8 ingredients in 130 
liver and blood of rats [42]. The paper of Jaraula et al. [43] describes a SPME-based method 131 
used to study the natural attenuation of aviation-grade diesel spilled on the perennial ice cover of 132 
Lake Fryxell, Antarctica. In all cases related to fuels and their fate in environment, SPME 133 
showed usability, enabled good detection limits and facilitated simplicity in use.  134 
 135 
To date, there is no published research describing the use SPME for determination of hydrazine-136 
based rocket fuels or its transformation products. However, it appears that SPME would be an 137 
appropriate technology for both qualitative and qualitative rapid assessment of UDMH and its 138 
transformation products in soil samples. 139 
 140 
1.4. Objectives and scope   141 
 142 
The objective of the present research was to develop a GC-MS-based method for screening of 143 
UDMH and its transformation products in soil samples using a novel SPME-based technique for 144 
sampling and sample preparation. The effects of several sampling and sample preparation 145 
parameters were studied.  These involved SPME fiber coating type, SPME sampling temperature 146 
and time, effects of added water and optimization of GC injection/desorption temperature 147 
program to minimize thermal oxidation of target analytes.   148 
2. Methods 149 
 150 
2.1. Soil sample preparation 151 
 152 
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All experiments were carried out in 20 mL crimp vials (InterScience, Breda, Netherlands) which 153 
were cleaned and conditioned by washing with ultrapure-grade water with subsequent baking in 154 
an oven with convection at 180 ºC overnight. Soil sample weight was always constant and equal 155 
to 1±0.02 g. Soil samples used for studies were unpolluted soils from Kazakhstan rocket drop 156 
zones spiked with UDMH (15 g of blank soil spiked with 10 µL of UDMH). All the spiked 157 
samples were 6 months old when analyzed. 158 
 159 
2.2. Solid phase microextraction 160 
 161 
Solid phase microextraction was performed manually using manual holder (Supelco, Bellefonte, 162 
PA). Sampling temperature for SPME was controlled using the agitator well of Thermo Tri-Plus 163 
autosampler samples during experiments with above-room temperatures. Vial penetration was 164 
set to 14 mm using SPME manual holder. All SPME fibers (for discussion of studied fibers, see 165 
section 3.2) were conditioned in GC inlet at 250 °C before first use. SPME-based sample 166 
desorption was carried out at GC inlet temperature of 250 °C for 30 min in splitless mode. One 167 
mm injector liner was used to obtain sufficient linear flow rate during desorption stage in the GC 168 
inlet. 169 
 170 
2.3. Chemicals 171 
 172 
UDMH (1,1-dimethylhydrazine; 99% purity) and common solvents were purchased from Sigma-173 
Aldrich (Zwijndrecht, Netherlands). UDMH contained the following impurities: dimethylamine, 174 
formaldehyde dimethylhydrazone and water. Millipore water was used for dilutions and UHP-175 
grade helium was used as carrier gas for GC work. All work with chemicals was performed in 176 
vented fume hood using protective gloves and established waste disposal routines. 177 
 178 
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2.4. Gas Chromatography- Mass Spectrometry 179 
 180 
The Trace Ultra GC was equipped with PTV-type injector. The optimal injector temperature was 181 
determined experimentally. The injector was operated in splitless mode and was connected to the 182 
Rtx-Wax column (60 m × 0.32 mm × 0.25 µm) (Restek, Bellefonte, PA). The column was 183 
maintained at constant flow of UHP-grade helium at 1 mL min-1. GC oven program was as 184 
follows: 40 ºC for the first 10 min, followed by 8 ºC min-1 ramping to 240 ºC, where the column 185 
was held for 15 min before cooling.  Each run was 50 min. The GC column was interfaced with a 186 
DSQII MS via transfer line maintained at 250 ºC.  The MS was operated in full scan mode from 187 
34 to 150 m/z.  The ion source was held at 250 ºC and the electron multiplier was set at 1300 V.  188 
The MS scan rate was 3.94 scan sec-1. Analytical instrument was controlled with Xcalibur 189 
software (from InterScience, Breda, Netherlands).  190 
 191 
2.5. Data Analysis 192 
 193 
The following strategy was used for analysis of all the obtained chromatograms: 194 
 195 
1) identification of UDMH transformation products was based on comparison of the obtained 196 
mass spectra with  available spectra in the MS libraries (Wiley 7th edition, NIST’05); 197 
2) building the extract (selected) ion chromatograms for each detected UDMH transformation 198 
product using the ions with the highest response at mass spectra; 199 
3) integration of the obtained selected ion chromatograms for calculation of the peak area for 200 
each analyte (using the built-in ChemStation integrator). 201 
MS data collected using Xcalibur software were converted to AIA format (*.cdf) and imported to 202 
Agilent MSD ChemStation software (ver. E.01.01.335) for treatment. 203 
 204 
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2.5. Quality control 205 
Repeatability of the applied method was confirmed by analysis of selected samples in triplicate. 206 
RSDs for replicates did not exceed 15%. 207 
 208 
3. Results 209 
 210 
3.1. Comparison of SPME to headspace sampling 211 
 212 
The efficiency of headspace SPME sampling for analysis of soil spiked with UDMH was 213 
compared to conventional soil headspace sampling technique as reported earlier [9]. In this 214 
research, sampling was carried out at the same temperature (20 ºC) and the same GC PTV inlet 215 
program was used. It was apparent that SPME-based sampling was a more sensitive technique 216 
for sampling and sample preparation of gases in soil headspace. The SPME-based samples 217 
contained more relevant information about the UDMH transformation products in soil.  Some 218 
important transformation products could not be detected using conventional headspace sampling. 219 
The use of SPME to collect gases in soil headspace resulted in 20× to 30× higher sensitivity even 220 
for such a short SPME sampling time (15 sec exposure to headspace of soil) for the majority of 221 
identified compounds. Eleven UDMH transformation products were identified with conventional 222 
headspace gas sampling. All these compounds were identified when HS SPME was used and 223 
additional 5 transformation products were also detected. It should be noted that one of the most 224 
toxic UDMH transformation products, i.e., FDMH was not detected using conventional 225 
headspace sampling probably due to its very low volatility whereas a sufficient MS response for 226 
FDMH identification was obtained when HS SPME was used. Considering this apparent increase 227 
in analytical sensitivity, SPME was used as sampling/sample preparation technique for 228 
contaminated soil samples in this research.   229 
 230 
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3.2. Selection of SPME fiber coating 231 
 232 
Polymeric coatings used in SPME vary in their physicochemical properties which affect SPME 233 
sensitivity towards specific chemical groups of compounds [32].  Development of sampling 234 
method with SPME involves testing of various coating types for a specific application.  The most 235 
suitable SPME fiber coating for sampling of UDMH and its transformation products from soil 236 
spiked with UDMH was selected from the 65 μm PDMS/DVB, 85 μm Carboxen (CAR)/PDMS, 237 
85 μm PA and 100 μm PDMS tested for recovery of main UDMH transformation products. 238 
Extractions with SPME were carried out from the headspace of soils using two different 239 
sampling times: 1 min and 1 hr. Results are shown in Figure 1. 240 
 241 
Figure 1 242 
 243 
The use of 65 μm PDMS/DVB resulted in highest recoveries for all the analytes for relatively 244 
short HS SPME sampling times of 1 min. On the other hand, the 85 μm CAR/PDMS was the 245 
most efficient fiber for almost all the analytes (except for FDMH) at a longer HS SPME 246 
sampling time of 1 hr. The use of CAR/PDMS fiber resulted in at least two times higher sample 247 
recoveries compared with sample recoveries associated with the PDMS/DVB fiber for the 248 
majority of target analytes considered in this research. Thus, 85 μm CAR/PDMS fiber was 249 
selected for development of analytical method.  250 
 251 
3.3. Effects of SPME sampling time 252 
 253 
The 85 μm CAR/PDMS SPME coating was selected for characterization of transformation 254 
products of UDMH.  Several sampling times (1 min, 1 hr and 18 hrs) were studied to determine 255 
practical SPME sampling time for soil headspace samples. Mass detector responses versus 256 
11 
 
SPME sampling time are presented in Figure 2. The increase of extracted mass with the increase 257 
of sampling time is observed for all the analytes. One hr sampling was chosen as a practical and 258 
optimal sampling time for further work. This was due to sufficiently high detector response for 259 
target analytes collected with 1 hr HS SPME that could be accomplished simultaneously with a 260 
practical sample analysis run time of 1 hr. This information is also useful for considerations to 261 
automate sampling and analysis of UDMH transformation products in the future. It should 262 
further be noted that the possibility of SPME fiber coating saturation and sample losses during 263 
sample preparation will be minimized with 1 hr HS SPME compared with longer sampling 264 
times. 265 
 266 
Figure 2. 267 
 268 
3.4. Effects of water and salt addition on sample recovery 269 
 270 
Addition of a small amount of water has often been used for acceleration of analytes extraction 271 
from solid phase samples [39].  Headspace SPME was carried out without/with addition of 0.3, 272 
0.5, 1, 5 mL of water to 1 g of soil spiked with UDMH with measured initial water content of 273 
21%. The results are presented in Figure 3. 274 
 275 
Figure 3. 276 
 277 
Figure 3 shows that addition of even small amounts of water to the soil samples significantly 278 
decreases the response of target UDMH transformation products except for 1,3-dimethyl-1H-279 
1,2,4-triazole. This could be explained by considering high polarity and high water solubility of 280 
target analytes. The increased extraction of 1,3-dmethyl-1H-1,2,4-triazole after addition of 0.3 281 
mL and 0.5 mL of water could, on the other hand, be explained by the increase of its mobility 282 
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and increase of mass transfer to headspace with added water. In addition, it is also reasonable to 283 
assume that the decrease of the recovery of other target analytes was likely caused by high initial 284 
water content in test soil sample (21%). Thus, it was shown that water content in soil plays 285 
significant role on recoveries of all UDMH transformation products and makes quantification 286 
process difficult or even impossible without significant error.  287 
 288 
Considering that even small changes in the water content result in significant changes in 289 
compound recovery, it was proposed to add the excess amount of water (5 mL) to all soil 290 
samples to minimize variability. In this case, the resulting differences in water content between 291 
all the samples would be minimal.  It was observed that adding 5 mL of water to 1 g of soil 292 
resulted in decreased recovery of analytes (consistent with the trend illustrated in Figure 3). 293 
Thus, increased temperatures and addition of salt were used to compensate for this apparent loss 294 
of sensitivity. The effect of temperature on sample recovery of soil-water mixture was analyzed 295 
at SPME sampling temperatures 20 ºC and 40 ºC. The effect of salt addition was tested using the 296 
same soil-water mixture, i.e., 1.5 g of NaCl (concentration was chosen to prepare saturated 297 
solution of NaCl) was added, and the prepared mixture was analyzed using SPME sampling 298 
temperature of 40 ºC. The results are shown in Figure 4. 299 
 300 
Figure 4. 301 
 302 
The temperature increase (see next section) as well as addition of salt resulted in increased 303 
concentration of analytes in headspace and responses of all the compounds except 304 
dimethylaminoacetonitrile and N,N-dimethylformamide. It can be concluded, that increase of 305 
temperature and addition of salt increases recoveries of UDMH transformation products. Also, it 306 
should be considered that the presence of water in contaminated soils combined with elevated 307 
sample preparation temperatures could affect sample recovery and chemical analysis.  This is 308 
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due to possible chemical interactions between compounds especially the dimethylhydrazones of 309 
formaldehyde and acetaldehyde which are known to be hydrolyzed by water especially at lower 310 
pH. 311 
 312 
3.5. Effects of SPME sampling temperature on recovery of UDMH transformation 313 
products 314 
 315 
Temperature plays significant role in compound distribution between headspace and solid (or 316 
liquid) phase and its increase usually leads to the increase of the recoveries of analytes from 317 
headspace. Effect of temperature was studied at 20 ºC (room temperature), 40 ºC and 50 ºC. The 318 
results are presented in Figure 5. 319 
 320 
Figure 5. 321 
 322 
The increase of soil incubation and SPME sampling temperature resulted in increased recovery 323 
of almost all analytes, especially those with higher boiling points. The strongest effect of 324 
temperature was observed for N,N-dimethylformamide and 1-formyl-2,2-dimethylhydrazine 325 
where a ~5× higher of recovery was observed when temperature increased from 20 ºC to 50 ºC. 326 
Increased sample recovery with increased temperature could be offset when SPME sampling is 327 
too long.  This effect was observed when 18 hr sampling of analytes at temperatures 20 ºC and 328 
50 ºC was completed. The results are shown in Figure 6. 329 
 330 
Figure 6. 331 
 332 
A decrease of recovery with an increase of temperature was observed for volatile analytes when 333 
relatively long sampling time was used.  This could be caused by (a) on-going compound 334 
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transformations, (b) competition and displacement of compounds on SPME fiber [44], and (c) 335 
decrease of SPME sorptive capacity with an increase of temperature [45]. 336 
 337 
3.6. Optimization of SPME desorption temperature 338 
 339 
It is generally recommended that desorption temperature should be no less than 250 ºC for fast 340 
thermal desorption of analytes from CAR/PDMS fibers onto GC injector. However, UDMH and 341 
some of its transformation products could be very unstable at elevated temperatures. This is 342 
apparently one of the main reasons why the UDMH peak could not be observed in 343 
chromatograms of even highly contaminated soil samples when the samples were introduced to 344 
GC injector at 250 ºC. Also, it is known [46] that one of the main transformation products, i.e., 345 
TMT, can be degraded in the GC inlet at temperatures higher than 180 ºC. Thus, the effects of 346 
desorption temperature on responses of UDMH transformation products were studied.  347 
Headspaces of pure UDMH (5 μL spiked into pre-cleaned 20 mL vial) and 1 g of soil spiked 348 
with ~0.67 µL UDMH were analyzed using different GC inlet temperatures. A 15 sec HS SPME 349 
sampling time was chosen during all the experiments due to the high concentration of analytes in 350 
soils and to avoid MS detector overload. 351 
 352 
Several transformation products were detected in vials spiked with UDMH as expected. Highest 353 
responses were observed for dimethylamine and formaldehyde dimethylhydrazone. However, 354 
analysis of the obtained chromatograms showed that responses of UDMH and formaldehyde 355 
dimethylhydrazone strongly depended on GC inlet temperature, which. This was likely caused 356 
by chemical transformation at high temperatures during desorption phase on the surface of 357 
SPME fiber or in the GC inlet.  The MS detector response to TMT significantly decreased (i.e., 358 
by nearly an order of magnitude) with the increase of desorption temperatures from 180 ºC to 359 
250 ºC. However, an incomplete sample desorption occurred, resulting in eventual carry-over of 360 
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samples when GC injector temperatures were relatively low.  To address this problem, a 361 
programmable temperature vaporizing (PTV) inlet function to program (and to rise) GC inject 362 
temperature after injection was used. The following temperature program was used: 170 ºC hold 363 
for 0.1 min, than 1 ºC sec-1 ramp to 250 ºC, hold for 40 min (length of entire run). The effects of 364 
SPME desorption temperature were tested by comparing sample recoveries of UDMH 365 
transformation products associated with the use of variable and constant injector temperature 366 
using  HS SPME sample collected over 1 g of soil spiked with ~0.67 µL of UDMH. Significant 367 
differences were observed (see chromatograms in Figure 7). Several additional compounds such 368 
as tetramethylhydrazine; methanediamine, N,N,N',N'-tetramethyl-; dimethylamine, 1,1-dimethyl-369 
2-(dimethylamino)formamidine were detected when desorption temperature was 250 ºC. 370 
However, UDMH was only detected using the PTV program.  UDMH coeluted with FADMH 371 
(peak #4 on Figure 7) and was identified by the characteristic m/z=60 ion.  In addition, the TMT 372 
recovery decreased about 40% compared to the program utilizing constant GC injector 373 
temperature. 374 
 375 
Figure 7. 376 
 377 
3.7. Identification of UDMH transformation products in soil samples 378 
The number (15) of known transformation products of UDMH [6, 7, 8, 9] is limited by the 379 
efficiency of analytical methods. SPME was used to improve characterization of UDMH 380 
transformation products. Relatively long sampling time of soil headspace of 18 h was used to 381 
increase the number of compounds that could be recovered and identified. A moderate 382 
temperature of 50 °C was used to encourage gas transfer from soil to headspace and recovery of 383 
compounds with higher boiling points. Approximately 70 compounds were identified in the 384 
contaminated soil headspace. This result is rather remarkable, considering that sampling of 385 
headspace was done on relatively old (6 months after spiking with UDMH) soil samples. This 386 
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finding has implications for environmental assessment in the field, i.e., that a number of toxic 387 
compound could be found long after the initial spill. These findings are consistent with the data 388 
obtained earlier [11,12] reporting that UDMH could be still detected in fall zones which are 30 389 
years old.  The list of compounds recovered from contaminated soil headspace and their 390 
preliminary identification is presented in Table 2.  391 
 392 
Table 2. 393 
 394 
Comparison of the results on identification of UDMH transformation products using SPME with 395 
the previously published data [1, 6, 8, 9] provided additional information on the transformation 396 
processes in soil. The use of SPME for sampling and sample preparation resulted in detection of 397 
the total of 55 new compounds, i.e., 12 new transformation products of UDMH (compounds No. 398 
6, 7, 10, 12, 14, 16, 17, 18, 19, 23, 25, 26, 27); 9 compounds with lower MS match (and 399 
therefore lower degree of confidence in proper identification) and 34 compounds which can 400 
potentially be transformation products of UDMH (Table 2). This represents 80% increase of 401 
confirmed compounds known to be products of UDMH transformation in soil. Taken together, 402 
SPME coupled to GC-MS allowed to obtain more comprehensive data on identification of 403 
UDMH transformation products in soils contaminated with hydrazine-based rocket fuel. In 404 
comparison with the other methods, SPME showed to be the more powerful tool for extraction, 405 
detection and identification of a broader range of metabolites. 406 
 407 
Quantitative determination of UDMH transformation products using HS SPME as sampling and 408 
sample preparation is challenging due to significant effects of soil type, composition and 409 
moisture content on recovery of analytes. Development of a quantitative method was not a part 410 
of this research.  However, the results of this research provide useful strategies for development 411 
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of SPME-based methods for characterization and quantification of UDMH transformation 412 
products in contaminated soils and possibly water.   413 
 414 
4. Conclusion 415 
The objective of this research was to characterize UDMH and its transformation products in soil 416 
using novel approach, i.e., SPME for sampling and sample preparation. The effects of several 417 
sampling and sample preparation parameters were studied. These involved SPME fiber type, 418 
sampling temperature and time, amount of water and salt addition, and GC injector/desorption 419 
temperature. It was determined that the 85 μm CAR/PDMS SPME fiber coating provides the 420 
highest selectivity for detection of UDMH transformation products. Optimal sampling 421 
parameters were determined to be 1-hr sampling time at 40 °C. The following temperature 422 
program: 170 ºC hold for 0.1 min, than 1 ºC sec-1 ramp to 250 ºC, hold for 40 min was resulted 423 
in fast sample desorption from SPME along with minimal chemical transformations in the inlet. 424 
It was shown that  water addition to soil leads to a significant decrease of response of almost all 425 
the main transformation products of UDMH.  426 
 427 
The use of headspace SPME-GC-MS resulted in high efficiency of collection, detection and 428 
identification of UDMH transformation products in soil samples contaminated with hydrazine-429 
based rocket fuel providing high sensitivity, speed, small labor consumption due to an 430 
automation and simplicity of use. Comparing to the previously used methods of sample 431 
preparation, SPME was more effective tool for detection of UDMH transformation products in 432 
soil samples allowing detection of the broader range of analytes from volatile to semivolatile 433 
compounds. The total of 55 new compounds were identified effectively increasing  the number 434 
of confirmed and known transformation products by 80% (from 15 to 27). The SPME-based 435 
sampling and sample preparation can be recommended for environmental assessment of areas 436 
affected by rocket launch activities. 437 
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Figure captions 538 
 539 
Fig. 1. MS detector response to headspace sample collected with four different SPME fibers over 540 
soil contaminated with UDMH and 1 min (a) and 1 hr (b) sampling.  541 
Note: m/z of the used for integration ion for each compound is given in brackets; soil incubation temperature 20 ºC. 542 
Soil sample was prepared by spiking ~0.67 µL UDMH into 1 g blank soil collected from Fall Region #25,15 in 543 
October, 2008 (samples were 6 months old when analyzed). 544 
 545 
 546 
Fig. 2. MS detector response to UDMH transformation products at different sampling times used 547 
for soil headspace sampling with 85 μm CAR/PDMS SPME at room temperature (20 ºC).  Soil 548 
sample was collected in fallout zone in Kazakhstan and spiked with ~0.67 µL of UDMH. 549 
 550 
 551 
Fig. 3. Effects of water addition on MS responses to UDMH transformation products obtained by 552 
HS SPME of 1g soil samples spiked with ~0.67 µL of UDMH using a 85 μm CAR/PDMS fiber 553 
and 1 hr sampling time. 554 
 555 
 556 
Fig. 4. Effect of temperature and addition of salt on MS responses to UDMH transformation 557 
products obtained by HS SPME of 1 g soil samples spiked with ~0.67 µL of UDMH using a 85 558 
μm CAR/PDMS fiber with 5 mL of water (and salt) added. 559 
 560 
 561 
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Fig. 5. Effect of temperature on MS responses to UDMH transformation products obtained by 1 562 
hr headspace SPME sampling of 1g blank soil sample spiked with ~0.67 µL of UDMH using a 563 
85 μm CAR/PDMS SPME fiber, and 1 hr sampling time.  564 
 565 
 566 
Fig. 6.  Effect of temperature on MS detector responses of UDMH transformation products 567 
obtained by 18 hr headspace SPME sampling of 1 g blank soil sample spiked with ~0.67 µL of 568 
UDMH using a 85 μm CAR/PDMS SPME fiber.  569 
 570 
 571 
Fig. 7. Comparisons of chromatograms of 1 g soil sample spiked with ~0.67 µL of UDMH 572 
obtained by headspace SPME with 85μm CAR/PDMS fiber using different GC inlet temperature 573 
programs: (a) 170 ºC hold for 0.1 min, than 1 ºC/sec ramp to 250 ºC, hold for 40 min; (b) 574 
constant temperature of 250 ºC. Sampling conditions: time = 15 sec, room temperature (20 ºC), 575 
and soil sample weight of 1 g.  576 
Note: Peaks: 1 - dimethylamine; 2 - methanediamine, N,N,N',N'-tetramethyl-; 3 – tetramethylhydrazine; 4 – 577 
formaldehyde dimethylhydrazone (coeluting with UDMH); 5 – acetaldehyde dimethylhydrazone; 6 – 578 
tetramethyltetrazene; 7 – N1,N1-dimethyl-N2-(dimethylamino)formamidine. 579 
 580 
